We study the interaction of two collinear cracks in polymer sheets slowly growing towards each other, when submitted to uniaxial stress at a constant loading velocity. Depending on the sample's geometry-specifically, the initial distances d between the two cracks' axes and L between the cracks' tips-we observe different crack paths with, in particular, a regime where the cracks repel each other prior to being attracted. We show that the angle θ characterizing the amplitude of the repulsion-and specifically its evolution with d-depends strongly on the microscopic behavior of the material. Our results highlight the crucial role of the fracture process zone. At interaction distances larger than the process zone size, crack repulsion is controlled by the microscopic shape of the process zone tip, while at shorter distances, the overall plastic process zone screens the repulsion interaction.
Materials science aims at improving the strength of solids and preventing the propagation of flaws that can weaken structures and lead to catastrophic events. Thus, a better understanding of fracture mechanisms in solids is obviously of crucial importance for a safer design of civil engineering structures. A large number of studies-both experimental and theoretical-have been devoted to the simplest model case of a single crack, growing in either brittle or viscoplastic materials [1] [2] [3] [4] [5] [6] [7] [8] . Those works have shown that dynamical instabilities and/or heterogeneities may destabilize the crack dynamics, leading to strong deviations and roughness in the crack paths [6] [7] [8] [9] [10] [11] [12] .
However, one single growing defect is not always at the origin of catastrophic failures, which can also be caused by the development of a network of cracks. The stress field around the crack tip is then modified by the presence of the other cracks leading to kinked trajectories. In hierarchical fracturing processes [13] , it is usually observed that cracks coalesce around a 90°angle, as for example in dessication [14] [15] [16] or in fault dynamics [17] [18] [19] [20] . It has also been shown that two collinear approaching cracks (submitted to a uniaxial stress in mode I) can repel each other instead of merging tip to tip [21] , resulting in a curved, "hookshaped" path. Such cracks have been observed for a wide range of scales in nature, from 25 cm quartz-feldspar veins in granite to 25 km-long oceanic ridges [18] , as well as in laboratory experiments on glass [22] , Polymethylmethacrylate plates [21, 23] or more recently in paper [24] and gelatin sheets [25] . Theoretical studies have tried to explain this truly nonintuitive behavior. First, Melin [23] showed that the collinear crack configuration is unstable. Then, Kachanov [26] noticed that the slightest disturbances in the initial symmetric configuration will give rise to a mixed mode interaction (traction and shear stresses). The fact that the cracks are observed to deviate instead of going straight to minimize shear stresses led him to suggest that the cracks might actually follow a path that maximizes the energy release rate, instead of the path following the principle of local symmetry [27, 28] . Numerical simulations [29] [30] [31] can only reproduce qualitatively the shapes observed, and most of experiments have been performed only on the final post-mortem path (usually obtained in a fast dynamic fracture regime [23, 24] ). Finally, very few works have studied in detail, or even simply ignore the repulsive part of the fracture trajectory [25] , and especially the amount of deviation, for which no clear predictions are established.
In this Letter, we present an experimental study of the interaction of two collinear cracks in a polymer film. Influence of material properties has been investigated by comparing different polymers. When submitted to uniaxial stress at a small constant loading velocity, the two cracks grow slowly towards each other, modifying the long range elastic stress field at their tips. As a result, we observe strong deviations in their paths, with in particular a regime where the cracks repel each other, which depends on the initial distances separating the two cracks-d between the two cracks' axes and L between the cracks' tips. We show that the angle θ characterizing the amplitude of the repulsionand specifically its evolution with d-depends strongly on the material used, and in particular, on the microscopic shape of the fracture process zone. This process zone-even when it is microscopic-can strongly modify the structure and
week ending 22 MAY 2015 0031-9007=15=114 (20)=205501 (5) 205501-1 © 2015 American Physical Society intensity of the singular stress field ahead of the crack tip, and as a consequence, the interacting crack trajectories. We have used different types of samples: polyester (PET) sheets (Mylar®, and Lumirror®), and polycarbonate (PC) sheets. The PET samples are 190 μm thick, and have a dimension of 80 × 100 mm 2 , so that when they are clamped, the actual area of study is a square of 80 × 80 mm 2 . The PC sheets are slightly larger, so that the area of study is 100 × 100 mm 2 . Moreover, we used two different sets of PC sheets with a thickness e ¼ 125 and 250 μm. The experiments were performed at a temperature of 21 AE 1°C and a humidity of 40% AE 5%. We prepared two initial notches, symmetric to the center of the sample, separated by a distance d vertically and L horizontally. We have varied systematically these two parameters, so that 0 < d < 4 cm and 1 < L < 6 cm. The samples clamped in a tensile testing machine are pulled from one side at a fixed velocity v ¼ 0.02 mm s −1 , while the other side is fixed [ Fig. 1(a) ]. This is done in a uniaxial plane stress loading (lateral sides free to move). Using a standard digital camera recording two pictures per second, we directly follow and observe the slow growth of the pair of cracks. Because of the long range elastic field, each crack modifies the stress field at the tip of its opposing crack, except at the early stage of the experiments when the two cracks can be relatively far apart. As a result, the two cracks interact with each other, and their trajectories do not stay perpendicular to the applied stress. In Figs. 1(b) and (c), we show typical images recorded during experiments performed on PET Mylar® and PC samples, which, unlike PET, display a macroscopic flame-shaped process zone where the sheet thins [5] . Under stress, these materials become birefringent. Thus, it is easy to at least observe and characterize qualitatively how the stress field is modified by the presence of another defect, by placing the sheets in between two polarizers [32] . In Fig. 1(b) , we observe the specific patterns of isochromatic fringes (showing zones of constant principal stress differences) due to the interaction between the cracks and their process zones in PC films.
We present first results for a set of experiments performed on PET Mylar® sheets. Young's modulus of those samples is E ¼ 1.8 AE 0.1 GPa. The maximum force measured in those experiments is approximately 800 N, corresponding to an elongation of 0.24 cm. Analyzing the images typically recorded during an experiment [as the one shown in Fig. 1(c) ], we detect the crack tips' coordinates ðX 1 ; Y 1 Þ and ðX 2 ; Y 2 Þ. To characterize the interacting cracks' trajectories, we consider the relative positions ΔX ¼ X 2 − X 1 and ΔY ¼ Y 2 − Y 1 corresponding to the horizontal and vertical distances between the two crack tips (Fig. 1) . It is important to minimize the contribution of the elastic tensile elongation Δv of the samples on the distances measured in the deformed state. We thus consider the quantity Δy ¼ ΔY − ΔY m , with ΔY m ¼ d þ Δv the measured distance between the axes of the two cracks in the deformed state. We don't analyze our experiments when the sample starts to go out of plane, which typically occurs when the cracks overlap, i.e., ΔX ≈ 0 cm.
We study the evolution of this relative vertical distance between the cracks Δy as a function of the horizontal crack separation ΔX for the various initial geometrical conditions. We usually observe that when ΔX decreases (which corresponds to the time increasing), Δy first increases: the two cracks repel each other. Then, Δy reaches a maximum at a point ðΔX t ; Δy t Þ and finally decreases: the two cracks attract each other. In Fig. 2(a) , we study this typical behavior for a fixed initial vertical crack distance d ¼ 2 cm and different initial horizontal crack separation L, for PET Mylar® samples. In order to compare quantitatively the various experimental conditions, we shift the trajectories using the turning point as the origin, plotting Δy − Δy t vs ΔX − ΔX t . Interestingly, we observe that the various trajectories collapse on a single master curve, showing that they do not depend on L. For PET Mylar® samples, the repulsive regime is observed in a given range of scales 1 ≤ L ≤ 5 cm, while when L is larger no interaction is observed. In Fig. 2(b) , we plot Δy vs ΔX for a given L and different d for PET Mylar® sheets. In contrast to previous observations, the crack pair trajectories depend strongly on the initial vertical crack separation d, with a stronger repulsion when the initial vertical crack separation d decreases. Interestingly, we notice in Fig. 2(b) that the two cracks start to attract each other for ΔX > 0 cm [25] , where no crack repulsion was reported, and cracks were shown to attract at ΔX ¼ 0. These observations were the justification for a geometrical model, considering solely that cracks start to attract each other when they overlap. In our various experiments, this assumption (which corresponds to ΔX t ¼ 0) is obviously not true. We nevertheless were able to fit the attractive part of the trajectories with a parabolic shape as predicted in Ref. [25] . However, this model cannot explain the repulsive trajectories. Therefore, we focus our study on the repulsive part of the Δy vs ΔX curves, by measuring the angle θ corresponding to the maximum slope of the crack paths shown in Fig. 2 . While we have already observed in Fig. 2(a) that this repulsion angle θ is independent of L, we report now its evolution with d in Fig. 3 . This angle of repulsion θ decreases with d towards zero for large distance (d ≥ 4 cm, in our geometry), meaning that, if the cracks are too far from each other, they will not feel each other and their trajectories will be straight. For the very specific and singular condition d ¼ 0, we observe that the two cracks start to interact and specifically repel at different (smaller) length scales ΔX, contrary to the experiments at larger d [see inset of Fig. 2(b) ]. Nevertheless, the angle θ characterizing the maximum repulsion, evolves systematically with d and is maximal for d ¼ 0 cm, when the cracks are aligned with each other. Our experimental results question the validity of the principle of local symmetry [27, 28] as an appropriate criterion for crack propagation. We checked that finite element analysis simulations based on this principle does not lead to the strong repulsion observed for d ¼ 0. An alternative criterion for the cracks' path could be instead that the cracks grow towards the direction of maximum energy release rate, as proposed by Kachanov [26] and supported also by recent observations of wavy cracks in drying colloidal films [33] .
We compare now the interaction of crack pairs in various plastic sheets. We have used a second type of polyester: transparent PET Lumirror® sheets, in contrast to the milky aspect of the PET Mylar® samples (due to the presence of titanium dioxide nanoparticles). Even though those PET samples have different visual aspects, we verified that they have the same macroscopic mechanical properties (Young's modulus and yield stress)-characterized by identical strain-stress curves.
In Fig. 3 , we report first the evolution of the repulsion angle θ as a function of the initial vertical crack separation d, for a fixed horizontal distance L ¼ 4 cm, for the two types of PET samples. The experiments on PET Lumirror® PRL 114, 205501 (2015) P
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week ending 22 MAY 2015 205501-3 sheets gave, for identical sets of geometrical parameters ðd; LÞ, two different behaviors for the interaction of the cracks: either the cracks could interact without any repulsion (θ ¼ 0°), or they repelled each other. In that case, the repulsion angle θ is systematically larger than for the Mylar® samples. The statistical behavior of the interaction of the cracks is reminiscent of recent results observed for an array of cracks in paper sheets [24] , which was attributed to the heterogeneous fiber structure of those samples. Indeed, contrary to the Mylar® samples, we could notice some scratches on the surface of the Lumirror® sheets, that can introduce some heterogeneity in the mechanical response of the samples. More importantly, the fact of observing different repulsion angles in samples with identical strain-stress curves shows the limits of theoretical descriptions of the interactions of the cracks based only on linear elastic fracture mechanics. It suggests the importance of nonlinearities in the singular stress field at the crack tips. Indeed, the two PET samples present different microscopic plastic process zones with a sharper tip in Lumirror® sheets, while for Mylar® samples the larger thin plastic zone along the sides of the cracks forms a bident pitchfork at the crack tip (see Supplemental Material [34] ). Then, we studied the interaction of cracks in polycarbonate sheets (Young's modulus E ¼ 1.1 AE 0.1 GPa) which display a much larger plastic process zone. Indeed, a centimeter flame-shaped process zone develops at the crack tip during its growth [5] as already mentioned and shown in Fig. 1(b) . We performed the same analysis as for the PET samples, but considering the horizontal distances ΔX c and ΔX pz as well as the vertical separations (subtracting the elastic deformation of the samples) Δy c and Δy pz , between the cracks and process zones, respectively. First of all, as in PET samples, the trajectories and more specifically, the curves ΔX vs Δy do not depend on the initial horizontal crack separation L, but evolve systematically with the vertical distance initially separating the two cracks d. Interestingly, we observed that the repulsive part of the crack pair trajectories are identical to the ones of the process zones (just delayed in time). Besides, we observed that the cracks' interactions do not depend on the thickness of the studied polycarbonates sheets. We therefore report the various values of the angle θ characterizing the early repulsion between either the two process zones or the two cracks as function of d with the same diamond symbol for those various experiments, performed at L ¼ 6 cm. Interestingly, we observe that the evolution of θ is nonmonotonic, with a maximum for d ≈ 1 cm, corresponding roughly to the width of the process zone. Compared to PET samples, the much larger process zone in PC has apparently a screening effect on the repulsive interactions between the two cracks at small d. On the contrary, at distances d larger than the characteristic process zone size, the angle of repulsion is very close to the ones measured for the PET Mylar® sheets, which probably reflects the similar double tip shape of the plastic process zone [34] . In that case, it is not the size of the process zone which seems to be relevant, but indeed, the strong similarity of the process zone tips in the two materials.
To conclude, we have presented a detailed experimental study of the interaction of two collinear cracks in various polymer films, focusing on the regime where the cracks repel each other, instead of merging tip-to-tip. We show that the angle θ characterizing the strength of the repulsion-and specifically its evolution with the initial distance d between the two cracks' axes-depends strongly on the microscopic behavior of the material considered. Indeed, for the two PET samples with similar macroscopic mechanical properties (Young's modulus, yield stress), we could observe different crack paths, with different amplitudes of crack repulsion. We relate this effect to differences in the shape of the microscopic process zone, which will affect both the intensity and structure of the stress field where the cracks will grow. The process zone tip in PET Lumirror samples is significantly sharper leading to a larger amplitude of the stress at the crack tip, and a stress field acting on a longer range. To support this claim, we performed as well a series of experiments on polycarbonate samples, for which a large flame-shape plastic process zone can be observed at the crack tip. Although the plastic process zone is much larger in PC films, the repulsion angle for large d is the same as in one of the PET samples. We relate this observation to the similar tips of the process zones at "microscopic" scale in the two materials, leading to a similar stress singularity at large enough distance from the process zone. When the distance between the cracks is too small compared to the size of the process zone in PC films, the stress field becomes very different from the one in PET, and leads to a screening of the repulsion between the cracks. In that case, the amplitude of the deviation between the cracks is reduced and even cancels for small values of d, reflecting the screening effect of the large process zone. Therefore, we can indeed suggest that the repulsion between cracks (that could be related to a path maximizing the energy release rate [26] ) depends strongly on the intensity of the stress field at the crack tips. The significance of our results is obvious if one considers the fact that most materials-if not all-do exhibit ductile behavior and a fracture process zone at the crack tips [35] . Our experimental results call for new theoretical approaches where such an effect needs to be taken into account in order to develop an appropriate theory of interacting cracks.
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